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The amorphous Zr59Nb3Cu20Al10Ni8 alloy has been irradiated by 100 MeV Ni+7 ion beam at the fluence rates of 1×1013 and 
1×1014 ions/cm2 at room and elevated temperature. The effect of irradiation on structure sensitive properties of Zr-based amorphous 
alloys has been investigated in this study using XRD and FESEM and potentiodynamic polarization study. The results reveals that 
there are no significant changes in the microstructure at lower fluence rate but the formation of nanocrystalline structures have been 
observed at the higher fluence rates and the results have been corroborated using corrosion studies. 
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1 Introduction 
The bulk metallic glasses are interesting materials 
due to their unique properties, such as superior strength 
and hardness, excellent corrosion resistance1-3. Metallic 
glasses share the properties of both the metals as well 
as glasses and exhibit superior mechanical and 
chemical properties4. The ion irradiation introduces 
certain changes in these properties and induces phase 
transition. In the case of amorphous alloys certain 
phases can be produced within the amorphous matrix 
by ion irradiation that can enhance the surface 
properties. Carter et al.5 have reported that Cu ion 
irradiation induce the nano-crystalline formation in 
Zr55Cu30Al10Ni5 bulk amorphous alloy. Iqbal et al.6 
have studied ion irradiation with Ar+ ions on 
Zr55Cu30Al10Ni5 bulk amorphous alloy and noticed 
improvement in mechanical properties of the irradiated 
areas of the alloy. In one of the study on 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 metallic glass irradiated with 
Ni ion beam of high energy shows an enhancement in 
ductility by promoting shear band intersection, which 
shows that irradiation can enhance overall mechanical 
properties of amorphous alloys7. Few more studies 
including amorphous Ti60Ni40 alloy irradiated with 
Ni+11 ions exhibits superior corrosion resistance in 1M 
HNO3 than virgin amorphous specimen8. In another 
study related to mechanical properties such as hardness 
and Young Modulus both were found decreased in 
Zr52.5Cu17.9Ni14.6Al10Ti5 alloy irradiated with 3 Mev Ni+ 
ions at room temperature, whereas no significant 
changes were observed9 at 200 °C. Menéndez et al.10 
have also studied the structural, mechanical and 
corrosion behaviour of Ar ion irradiated 
Zr55Cu28Al10Ni7 and Ti40Zr10Cu38Pd12 alloys at room 
and elevated temperature. It has been reported that 
nano-crystalline structures were formed due to 
irradiation and these alloys exhibit improvement in 
mechanical and corrosion resistance at elevated 
temperature. 
In the present study, the effect of high energy Ni+7 
ion irradiation on the structure sensitive properties of 
Zr59Nb3Cu20Al10Ni8 amorphous alloys at room and 
elevated temperature was examined. Microstructure, 
surface morphology and corrosion behaviour of these 
ion irradiated samples were investigated.  
 
2 Experimental 
2.1 Materials and phase identification 
The as-received Zr59Cu20Ni8Al10Nb3 ribbon samples 
of dimension (1.0 cm×0.3 cm×30 µm) were 
investigated in the present study. Samples were cleaned 
with acetone and distilled water and dried in air. Phase 
analysis of the ribbon sample was carried out by X-ray 
diffraction (XRD) technique with XPERT PRO X-ray 
diffractometer using CuKα radiations. 
 
2.2 Ion irradiation 
The specimens of suitable size (1 cm×0.3 cm× 
30 µm) were cut from the melt spun ribbons of 
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amorphous Zr59Cu20Ni8Al10Nb3 alloy. Specimens were 
cleaned with ethanol prior to the experiment. For 
irradiation, the samples were stuck to the ladder with 
the help of sample holder. The samples were 
irradiated with Ni+7 ion beam of 100 MeV energy at 
different fluence rate of 1×1013 and 1×1014 ions/cm2 at 
room and elevated temperature, i.e., 200 °C. The 
experiment was carried out at Inter University 
Accelerator Centre (IUAC), New Delhi. The vacuum 
of irradiation chamber was maintained below 10-7 torr 
during the experiment. The beam current was kept 
between 0.8 to 1 pnA (particle nano ampere) on the 
samples during the irradiation to minimize the ion 
beam heating. 
 
2.3 Microstructural characterization and surface morphology 
The Ni+7 ion implanted ribbon samples were 
characterized by X-ray diffraction (XRD). XRD 
pattern was acquired on an XPERT PRO X-ray 
diffractometer using CuKα radiation. Surface 
morphology of the as-spun and Ni+7 ion irradiated 
samples at room and elevated temperature at 1×1014 
ions/cm2 doses were examined by FESEM using 
Nano-FESEM system at MRC, MNIT, Jaipur. 
 
2.4 Electrochemical measurements 
The electrochemical behaviour of as cast and Ni+7 
ion implanted Zr59Cu20Ni8Al10Nb3 alloy at 1×1014 
ions/cm2 dose at room and elevated temperature in 
1M HNO3 medium was investigated using a 
potentiostat (Autolab-AUT84276) consisting of a 
three-cell electrode. Samples were cleaned with 
ethanol and distilled water and dried in air before the 
experiment. These glassy samples were used as 
working electrodes; Ag/AgCl (3 M KCl) and platinum 
foil were used as reference and counter electrodes, 
respectively. An area of 1.0 cm×0.3 cm of the sample 
was exposed and the open circuit potential (OCP) was 
monitored for 20 min. Potentiodynamic polarization 
tests were performed at the scanning rate of 0.001 V/s 
from -0.2 V below OCP to 2.1 V. The values of 
corrosion potential (Ecorr) and corrosion current 
density (Icorr) were obtained by Tafel method. The 
electrochemical experiments were repeated for 
checking the reproducibility of the results. 
 
3 Results and Discussion 
3.1 Microstructural characterization 
Figure 1 shows the XRD pattern of as spun 
Zr59Nb3Cu20Al10Ni8 ribbon sample, which exhibits the 
presence of a broad halo peak, indicating the 
amorphous nature of the alloy. Figure 2 is a XRD 
pattern of Ni+7 ion irradiated Zr59Nb3Cu20Al10Ni8 
ribbon sample with doses of 1×1013 and 1×1014 
ions/cm2 at room and elevated temperature, i.e.,  
200 °C. It showed that no significant changes have 
been observed in the microstructure of glassy alloy at 
lower fluence rate, whereas at higher fluence rate, 
comparatively sharp peak was observed which is 
possibly due to formation of nanocrystalline structure.  
In high energy ion irradiation process, the target 
atoms of metallic glasses are displaced from their 
initial sites, which may create vacancy-like defects. It 
increases the free volume within the system and 
 
 
Fig. 1 – XRD pattern of as spun Zr59Nb3Cu20Al10Ni8 glassy 
ribbon. 
 
 
 
Fig. 2 – XRD pattern of Ni+7 ion irradiated Zr59Nb3Cu20Al10Ni8 
glassy ribbon at 1×1013and 1×1014 ions/cm2 doses at room and 
elevated temperature. 
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enhances the atomic mobility. The enhanced atomic 
mobility will lead to a increased short-range order and 
the subsequent nucleation resulting into the formation 
of nanocrystalline structure11,12. In another study, 
Carter et al.5 have also reported the formation of 
nanocrystalline phases in Zr55Cu30Al10Ni5 metallic 
glass after irradiation with 1 MeV Cu ions at a fluence 
rate of 1×1016 ions/cm2. Furthermore, in a recent 
study it has been reported that ion bombardment 
induces structural relaxation through the atomic 
diffusion process which initiates the crystallization13. 
In the present research work, the XRD pattern (Fig. 2) 
exhibits that the lower fluence rate does not changes 
the structure of amorphous alloy whereas, higher 
fluence rate significantly alter the structural 
properties. These structural changes are attributed to 
the knock-on effect caused by compressive stress 
originated from larger momentum, which is produced 
from the bombardment of a large number of ions on 
the sample14. Since, ion beam irradiation causes rise 
in the temperature of the sample but this rise in 
temperature is controlled by maintaining the low 
beam current 0.8-1.0 pnA. 
 
3.2 Surface morphology 
Figure 3 (a-e) shows the FE-SEM micrographs of 
as spun and irradiated Zr59Nb3Cu20Al10Ni8 glassy 
ribbon at 1×1014 ions/cm2 fluence rate at room and 
elevated temperature (200 °C). Figure 3(a) revealed 
that the surface of as-spun glassy ribbon was smooth 
 
 
Fig. 3 – FESEM micrographs of (a) as spun and Ni+7 ion irradiated Zr59Nb3Cu20Al10Ni8 glassy ribbon at 1×1014 ions/cm2 dose, (b) at room 
temperature, (c) higher magnification image of marked area in Fig. 3 (b), (d) at elevated temperature and (e) higher magnification image 
of marked area in Fig. 3 (d). 
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and clean. Irradiation affected area can be seen on the 
surface of irradiated Zr59Nb3Cu20Al10Ni8 glassy ribbon 
at 1×1014 ions/cm2 fluence rate at room temperature 
(Fig. 3(b)). High magnification image of marked area 
is shown in Fig. 3(c), which indicates the initiation of 
nano-crystal formation. Figure 3(d) is a micrograph of 
Ni+7 ion irradiated surface of Zr59Nb3Cu20Al10Ni8 
glassy ribbon at 1×1014 ions/cm2 fluence rate at 
elevated temperature and it is found that at elevated 
temperature, micrographs exhibit the formation of 
nano-crystal structures which were clearly visible in 
high magnification image (Fig. 3(e)).  
 
3.3 Potentiodynamic polarization study  
Figure 4 shows the polarization curves, measured 
on the as-spun and Ni+7 ion irradiated 
Zr59Nb3Cu20Al10Ni8 glassy ribbon at 1×1014 ions/cm2 
dose at room and elevated temperature in 1 M HNO3 
medium. Corrosion parameters such as Ecorr and 
corrosion current density Icorr were calculated and 
summarized in Table 1. The Icorr values were 
estimated by applying the Tafel slope method15. As 
shown in Fig. 4, as spun Zr59Nb3Cu20Al10Ni8 glassy 
ribbons shows clear passivity in nitric acid medium 
with a broad passive region. Irradiated alloys also 
follow the similar trend in nitric acid medium. The 
irradiated alloy at 1×1014 ions/cm2 dose shows minor 
decrease in value of corrosion potential (Ecorr) and 
minor increase in value of corrosion current density 
(Icorr) than that of as spun alloy (Table 1). The Ecorr 
value of irradiated alloy at elevated temperature has 
insignificantly increased and Icorr value has slightly 
decreased. A significant difference could not be 
observed in potentiodynamic polarization curve of 
irradiated sample. But it can be revealed from Fig. 4 
that the corrosion resistance has not been improved 
after irradiation at room as well as elevated 
temperature which is attributed to the formation of 
nano crystalline structure.  
Perez-Bergquist et al.9 has studied microstructural 
and mechanical properties of a Zr52.5Cu17.9Ni14.6Al10Ti5 
bulk metallic glass irradiated with 3 MeV Ni ions at 
room temperature and elevated temperature (200 °C) 
and no significant micro structural changes were 
observed in TEM investigations of irradiated sample. 
In present study 100 MeV Ni+7 ion beam has been 
used in irradiation process so surface changes have 
been obtained in microstructure of Zr-based bulk 
amorphous alloy. It is well known that partial 
crystalline phases have deleterious effect on corrosion 
resistance16. All the potentiodynamic polarization 
curves of as spun and irradiated alloys shows a 
passivation plateau which shows the formation of 
passive film on the surface of alloy in nitric acid 
environment. Also, the presence of Nb element 
promotes an improvement in the corrosion resistance 
due to formation of niobium oxide film17. Thus, Ni 
ion irradiation could not improve the corrosion 
resistance of Zr-based bulk amorphous alloy at room 
and elevated temperatures.  
 
4 Conclusions 
The effect of 100 MeV Ni+7 ion irradiation on 
Zr59Nb3Cu20Al10Ni8 glassy ribbon at 1×1013 and 
1×1014 ions/cm2 fluence rate was studied at room and 
elevated temperatures. XRD results revealed that the 
amorphous nature of glassy ribbon has not been 
changed after Ni+7 ion irradiation at low fluence rate. 
Though, nano-crystalline phases were observed for 
the glassy ribbon at higher fluence rate. FE-SEM 
micrographs have also revealed the formation of 
nano-crystalline structures on the surface of irradiated 
samples at higher fluence rate. These nano-crystalline 
structures are not improving the overall corrosion 
 
 
Fig. 4 – Potentiodynamic polarization curve of as spun and 
100 MeV Ni+7 ion irradiated Zr59Nb3Cu20Al10Ni8 glassy alloy at 
1×1014 ions/cm2 dose at room and elevated temperature (200 °C) 
in 1 M HNO3. 
 
Table 1 – Polarization parameter for as cast and Ni+7 ion 
implanted Zr59Cu20Ni8Al10Nb3 alloy at 1×1014 ions/cm2 dose at 
room and elevated temperature in 1M HNO3 medium. 
Sample Ecorr (V) Icorr (A/cm2) 
As spun alloy 0.0316 4.391×10-10 
Irradiated at room temp.  
(1×1014 ions/cm2 dose) 
0.0286 6.302×10-10 
Irradiated at elevated temp.  
(1×1014 ions/cm2 dose) 
0.0293 4.539×10-10 
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resistance of the alloy and due to which the as-spun 
glassy ribbon showed better corrosion resistance in 
nitric acid medium as compared to the irradiated 
samples. 
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